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Abstract ,5376 
The general  c r i t e r i a  used t o  determine the s ign (polar i ty)  of t he  
emit ter  sheath f n  a plasma d i o d e  a r e  examined i n  d e t a i l .  It i s  
shown t h a t  these general  c r i t e r i a  reduce t o  those c r i t e r i a  present ly  
i n  common use only f o r  a col l i s ion less  plasma diode. 
spaced c o l l i s i o n  dominated plasma diode, however, a phenomenological 
macroscopic model i s  used t o  show tha t  the r a t i o  of the electron 
emission current  t o  the ion emission current  does not uniquely 
determine the polar i ty  of the  emit ter  sheath. 
ionizat ion and/or recombination and the  electron plasma temperature 
a r e  a l so  shown t o  be important. 
ionizat ion i s  assumed; both the net  volume ionizat ion and the 
e lec t ron  temperature a r e  treated as unknown parameters. 
r e s u l t s  are presented f o r  several  cases of i n t e r e s t  i n  thermionic 
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Introduction 

The c r i t e r i a  present ly  used for  determining the s ign of the 
emit ter  sheath i n  both close- and broad-spaced cesium plasma 
diodes a re  

> 491 * electron r i c h  (negative) emit ter  sheath, I,/IpE 
Isl 'pE 491 =$ ion r ich (posi t ive)  emit ter  sheath,  

where Is i s  the electron emission current  (as given by the Richardson 
equation) and I i s  the ion current from the emit ter .  It w i l l  
be shown i n  the next sect ion that  these c r i t e r i a  follow d i r e c t l y  
from a more general  s e t  of c r i t e r i a  by assuming tha t  no co l l i s ions  
occur i n  the interelectrode space. Thus, the app l i cab i l i t y  of 
these c r i t e r i a  t o  a close-spaced co l l i s ion le s s  diode cannot be 
questioned 

PE 

I n  a broad-spaced plasma diode, however, there  a re  interact ions i n  
the interelectrode space and these interact ions give r i s e  t o  , 

volume ionizat ion and/or recombination. Since the  presence of 
volume ionizat ion i n  the interelectrode space of a plasma diode 
modifies the poten t ia l  d i s t r ibu t ion ,  i t  must a l so  en ter  i n t o  the 
determination of the  emit ter  sheath sign. 
above, however, do not take in to  account such ef fec ts .  

The c r i t e r i a  s ta ted 

A phenomenological macroscopic model has been used t o  determine the 
correct  c r i t e r i a  when interact ions ex i s t  i n  the interelectrode 
space. Specif ical ly ,  t h i s  model appl ies  t o  a broad-spaced plasma 
diode where the spacing i s  many times the mean f r e e  path-i.e., t o  
the  case where a plasma, characterized by i t s  own variables ,  i s  
formed i n  the interelectrode space. 
volume ionizat ion and/or recombination i s  assuned; both the net 
volume ionizat ion and the plasma electron temperature a re  t reated 
as unknown parameters, Plasma r e s i s t i v i t y  has been neglected. I n  

No specif ic  mechanism f o r  



t h i s  paper the equations t h a t  describe t h i s  model w i l l  be derived 
and the  assumptions t h a t  were made w i l l  be discussed. 
employed f o r  the solut ion of t h i s  model w i l l  be covered and r e s u l t s  
w i l l  be presented f o r  severa l  cases of i n t e r e s t  i n  thermionic 
energy conversion. 

The procedures 

Theoretical  Model 

Let Is denote the e lec t ron  emission current from the . emi t t e r  
surface.  This current can be calculated from the Richardson 
equation i f  the  concept of a work function i s  introduced. Since 
no quant i ta t ive  current-voltage cha rac t e r i s t i c s  w i l l  be considered 
i n  t h i s  work, i t  i s  never necessary t o  introduce the concept of a 
work function. Instead, i t  i s  more des i rab le  t o  work d i r e c t l y  
i n  terms of the e lec t ron  emission current .  
e lec t ron  emission current from the emit ter  surface when the  
emitter sheath po ten t i a l  vanishes. 
case i s  shown i n  Figure 1. 

L e t  Is, be the  

The motive diagram f o r  t h i s  

Using these de f in i t i ons ,  t h e  general c r i t e r i a  f o r  determining 
the  po la r i ty  of the emit ter  sheath can be wr i t t en  as  

3 e lec t ron  r ich  (negative) emit ter  sheath, 
* ion r i c h  (posi t ive)  emit ter  sheath. 

Is ' Is0 
Is0 IS 

< 
These c r i t e r i a  readi ly  follow from fundamental physical p r inc ip les  
and are valid f o r  a l l  operating regimes i n  both close- and broad= 
spaced plasma diodes. 

' For a close-spaced diode (no in te rac t ions  i n  the interelectrode 

- i n  the preceding section. To see t h i s ,  it i s  only necessary t o  
space),  these general  c r i t e r i a  readi ly  reduce t o  the c r i t e r i a  stated 

introduce the concept of charge n e u t r a l i t y  i n  a plasma with equal 
e lec t ron  and ion temperatures: 
Since there  a r e  no interact ions i n  the  in te re lec t rode  space (and 

Is = Jmp/m, IpE = 491 IpE 

__ _ _  
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thus no reverse e lec t ron  and ion cur ren ts ) ,  i t  follows t h a t  * I 

's/IpE 
I 

's/IpE I 
These c r i t e r i a  hold f o r  the close-spaced co l l i s ion le s s  plasma diode. I 

> 491 * electron r i c h  (negative) emit ter  sheath, 
< 491 9 ion r i ch  (pos i t ive)  emi t te r  sheath. 

I 

Whenever in te rac t ions  are present,  Iso cannot be  wr i t t en  down so 
eas i ly .  Interact ions give r i s e  t o  e lec t ron  and ion currents  re turning 
from the  plasma t o  the emit ter  surface; thus Iso must be a funct ion 
of such currents .  The ca lcu la t ion  of these reverse currents  requires  
a spec i f ic  model. 

A phenomenological macroscopic model w i l l  be used t o  determine the 
values of Is, f o r  a broad-spaced plasma diode where the spacing i s  
many times the mean f r e e  path-i.e.,for the case where a plasma, 
characterized by i t s  own var iab les ,  i s  formed i n  the in te re lec t rode  
space. I n  order t ha t  t h i s  model remain as general  as  possible,  
the e lec t ron  temperature VTe and the  net  volume ionizat ion and/or 
recombination ADE have been chosen t o  be unknown parameters. 
Thus no spec i f i c  ionizat ion r a t e s  have been assumed. The basic 
assumptions used i n  t h i s  model are: 
1. 

2. 

3 .  

4. 

The temperature of the co l lec tor  i s  l o w  so t h a t  e lec t ron  and 
ion  generation a t  the co l lec tor  a r e  negl igible .  
The Saha-Langmuir equation i s  a valid representat ion of ion 
generation a t  the emit ter  surface.  This equation, however, has 
been rewr i t ten  so as  t o  use the  e lec t ron  emission current  Is, 
e x p l i c i t l y ;  thus the concept of an emit ter  work function i s  
never e x p l i c i t l y  introduced. 
The plasma i n  the interelectrode space i s  uniform with the ion 
densi ty  equal t o  the electron densi ty  throughout. 
Maxwellian d i s t r ibu t ions  of e lectrons and ions e x i s t  i n  the  plasma; 
t he  corresponding electron and gas temperatures, however, need 
not be equal. 
Plasma res i s tance  i s  neglected. 

*It i s  important t o  emphasize t h a t  t h i s  r e s u l t  i s  independent of the 
question of the v a l i d i t y  of the Saha-Langmuir equation. The Saha- 
Langmuir equation en ters  only i f  one attempts t o  ca l cu la t e  I 
terms of Is (or  the emitter work function).  

i n  
PE 
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6. 

7 .  

Extraneous losses ,  such as  thermal rad ia t ion  from the plasma t o  
the surroundings, loss of e lec t rons ,  ions,  and atoms from the 
in te re lec t rode  space, are neglected . 
Only two species of cesium a r e  considered t o  e x i s t  i n  the  
plasma-atoms and ions. 
the possible existence of excited atoms and/or molecules. 

No provisions are present ly  made f o r  

Using these assumptions, a set of s i x  simultaneous equations have 
been formulated ' to  describe the condition when the emitter sheath 
vanishes. A brief der iva t ion  of each equation follows: 

For the current  balance a t  the emit ter  surface,  the net  current  I is 
the  r e s u l t  of four  groups of charge ca r r i e r s :  (1) sa tura t ion  current  
from the emit ter  Iso; (2) ion current  from the emitter IpE; 

. (3) electrons from the plasma (reverse e lec t ron  current)  Iep; 
and ( 4 )  ions from the plasma (reverse ion current)  I P' Thus 

For the current balance a t  the co l l ec to r  surface,  the net  current  I 
i s  the  r e s u l t  of only two groups of charge c a r r i e r s :  (1) electrons 
from the plasma 

c o l l e c t o r  sheath i s  always assumed t o  be posit ive i n  t h i s  model. 
Thus 

Iep exp (-VsC/VTe) ; and (2) ions from the plasma 
, where VTe denotes the electron plasma temperature. The I P  

I = Iep exp (-VsC/VTe> - I p  ' (2) 

The equation f o r  the ion balance across the plasma i s  

where ADE i s  the ne t  volume ionizat ion and/or recombination i n  
- 0  
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The equation f o r  the ion production a t  the emit ter  is ' 

where Ia = a r r i v a l  r a t e  of atoms and ions from the plasma, 
Vi = ion iza t ion  po ten t i a l  of cesium, 

A = thermionic emission constant (120 amps/cm ). 
This i s  the Saha-Langmuir equation, rederived i n  a manner such t h a t  
the concept of an emitter work funct ion i s  never e x p l i c i t l y  
introduced. 

vTE = emit ter  temperature (ev), 
2 

' 

The equation f o r  the charpe density balance i n  the plasma i s  

where VG denotes the gas temperature (ev). 

The equation f o r  the  energy balance f o r  the plasma i s  

where VTc i s  the co l l ec to r  temperature (ev). 
used t o  obtain t h i s  equation i s  similar t o  t h a t  employed i n  
Reference 1, the reference points and grouping of terms used are 
fundamentally different ."  
net  energy flowing across an imaginary surface immediately outs ide the 

Although the approach 

T h i s  equation expresses the f a c t  t h a t  the 

*These differences a r e  s ign i f icant  as i t  i s  not necessary t o  introduce 
d e t a i l e d  i n t e rac t ion  mechanisms t o  evaluate any of the terms 
occurring i n  t h i s  energy balance equation. 



* .  

e m i  -er must equal the net  energy flowing across a similar 
imaginary surface immediately outs ide the col lector  when the 
same po ten t i a l  reference points a r e  used f o r  both imaginary 
surfaces ,  
these imaginary surfaces ,  the possible presence of excited atoms 
and/or molecules has been neglected, 
i s  presented i n  the  Appendix. 

Since only ions and atoms a r e  considered t o  be crossing 

A der iva t ion  of t h i s  equation 

Xn order t o  study the solut ion of t h i s  set  of s i x  simultaneous 
non-linear equations, i t  i s  convenient t o  rewrite these equations 
i n  a d i f f e r e n t  form. 
( 5 )  i n t o  Equation ( 6 ) ,  i t  follows tha t  

Subst i tut ing Equations ( l ) ,  ( 2 ) ,  ( 3 ) ,  and 

* .  . .. 

where 

and where Equation ( 4 )  continues t o  be used t o  relate IpE t o  VTe. 
It i s  convenient t o  look f o r  solut ions of t h i s  equation i n  the 
Is - ADE plane with VTe treated as a parameter. 
Equation (7) i n  the Is - ADE plane shows t h a t  t h i s  equation possesses 
so lu t ions  only i n  very l i m i t e d  ranges, 
can be found as follows: 

A study of 

These restricted ranges 

-7- 



1 

! 

Physically,  i t  i s  necessary that  I, 2 0. From Equation ( 3 ) ,  it 
fOllOWs tha t  AoE 2 - IpE ; Also,-O Vsc 5 QO Thus, from 
Equation (7 ) ,  it  follows t h a t  

and 

This las t  inequal i ty  can be rewri t ten as 

Now the equal i ty  i n  Equation (8) gives r ise  t o  a bound on Is, as 
a function of ADEa L e t  t h i s  bound, which r e s u l t s  when Vsc 4 QO 9 

be denoted by (Iso)min 
r i se  t o  a bound on Is, as a function of ADE. 
which r e s u l t s  when Vsc 4 0 , be denoted by (IsJmax 
straightforward t o  show from Equations (8) and (9) t h a t  f o r  

from Equation (3)  

Equation (3) and Equation (8) t h a t  

The equal i ty  i n  Equation (9) a l s o  gives 

It i s  
L e t  t h i s  bound, 

+ I = 0 Since I 0 ,  i t  follows 
s 

(1so)max = (1so)rni.n 9 *DE p~ P 

(1so)max ’ PE 

t h a t  ADE t I 2 0 and thus t h a t  (IsJmin 
= 0 ,  it can be shown from 

PE 
A t  the  poin t  AoE + I 

gza 
- , + J I + p  “ “ p ( w $ ~ l  (10) uJm;nl flD,’r,, = : 0 -4s = - 9 exp(K/1/T;,)  47;;“ 

Here the pos i t ive  root  was selected because Is, 2 0. 
semes as a lower bound on both Is, and 

This equation 
and i s  independent of VTea 

I 
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An upper bound f o r  ADE follows from t h e ' l e f t  hand s i d e  of Equation 
(7) .  
funct ion of Is, and VTe. 

This bound, however, is not very use fu l  as it  i s  a 

Instead of considering fu r the r  p o s s i b l e  bounds on t h i s  set of 
equations, i t  i s  convenient t o  find the envelope of a l l  possible  
solut ions i n  the Is - ADE plane. 
(Is0)rni.n from Equation (8) and (Iso)max from Equation (9) . 
each of these equations i s  a function of two va r i ab le s ,  ADE and VTe , 
i t  i s  necessary t o  have another equation i n  order t o  make both 
(1so)min and (Iso)rnax functions of one parameter only. 
equation follows from Equation (7) and the de f in i t i ons  of 

and (Iso)max 9 it  can be wr i t ten  as (Iso)min 

This envelope i s  given by 
Since 

Such an 

! 

Using these equations and defining the  following terms 
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i 

I 

it can be shown that* 

These equations describe the envelope of all possible solutions 
in the I, = ADE plane as a function of the parameter VTe where 
0 V T e <  O3 * 

*The plus sign has been chosen for both equations from the requirement 

that (Iso)min and (1so)max both be greater than zero when VTe = VTE 

. .  
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The envelope f o r  (Iso)max has the in t e re s t ing  property t h a t  there  
2 i s  a region f o r  which 

between t w o  regions where b$ 
t ha t  occurs i n  the envelope a t  i n f i n i t y .  
the propert ies  of a typical envelope. 

All solut ions f o r  Is, as a function of ADE and VTe l i e  within the 
boundaries of t h i s  envelope, Physically,  however, i t  i s  clear t h a t  

The inclusion of  t h i s  f a c t  i s  not s imple .  A so lu t ion  'Te ' 'G 
f o r  the envelope with the r e s t r i c t i o n  VTe 2 VG y ie lds  a port ion 
of the envelope i n  Figure 2 ;  but t h i s  portion i s  not closed. 
find the closed envelope with the r e s t r i c t i o n  VTe 2 VG i t  i s  a l s o  
necessary t o  solve Equation (7) f o r  the solut ion f o r  VTe = VG . 
This w a s  done f o r  the same case shown i n  Figure 2 and the  results are 
shown i n  Figure 3 .  . 

b2 = 4a2c2 C 0. This region occurs 

4a2c2 , and leads t o  a d iscont inui ty  
Figure 2 c l e a r l y  shows 

To 

Now, the d iscont inui ty  t h a t  occurs i n  the envelope a t  i n f i n i t y  
may occur e i t h e r  f o r  VTe 2 VG o r  VTe < VG . 

2 be the solut ions of b2 - 4aZc2 = 0 with (VTe>Z 2 (VTe)l 
d i scont inui ty  i n  the  envelope a t  i n f i n i t y  occurs f o r  (VTe)2 2 VTe 

2 (VTe) 
envelope with VTe 2 VG ) i s  bounded and does not extend t o  i n f i n i t y .  
I f  (VTe)2 2 VG , the  r e s t r i c t ed  envelope s t i l l  possesses the 
d iscont inui ty  a t  i n f i n i t y .  

L e t  (VTe)l , (VTe)2 
This 

I f  (VTe)2 < VG , the  r e s t r i c t e d  envelope ( i s e . ,  the  . 

The possession of the envelope of a l l  possible solut ions of 
Equation (7) is extremely valuable as the envelope g r e a t l y  r e s t r i c t s  
the range over which numerical i t e r a t i v e  procedures must search 
t o  solve Equation ( 7 ) .  Since ADE and VTe a r e  t reated as independent 
va r i ab le s ,  the  solut ions found f o r  each set of values of TE , TC 
TG , and f a  

ADE . 
, 

will. be a family of cumes on a p l o t  of I, versus 
Each curve i n  t h i s  family can be labe led  with a value of VTe 

I -11- 



Results 
i 

I 

The equations presented i n  the preceding sec t ion  have been programmed 
f o r  so lu t ion  on an IBM 7040 computer. 
r e s u l t s  obtained f o r  Ia = 1.5 amps/cm 

Figures 7 ,  8 ,  and 9 show r e s u l t s  obtained f o r  I, = 30.0 amps/cm 

1700 I<, 1750°K, respectively.  

Figures 4, 5, and 6 show 
(TCs w 470°K), TC = 500°K 2 

and TE = 1400°K, 1450°K, 1500°K, respective1 . s vG = %(vm + vTC) 3 

M 565OK), TC = 500°K, VG = h(VTE + VTc), and TE = 1650°K, (Tcs, 

The s a l i e n t  fea tures  of these curves are labeled on each figure.  
The r a t i o  Is/I 
shown on each curve.* 
above the top curve i n  any of these f igures  necessarily possesses 
an e lec t ron  r i c h  (negative) emitter sheath.** 
plasma diode operating below the bottom curve i n  any of these 
f igures  necessar i ly  possesses an ion r i c h  (posi t ive)  emitter 
sheath.** 
ne t  volume ioniza t ion  with a l l  other  parameters constant can cause 
the operation of such a plasmadiode t o  go from an e lec t ron  r i c h  
t o  an ion r i c h  emitter sheath. 

has been computed a t  ADE = 0 and Vsc = 0 ,  0)  and i s  
Any broad-spaced plasma diode operating 

PE 

Any broad-spaced 

From these f igures  i t  i s  clear t h a t  an increase i n  the 

F o r  plasma diodes operating i n  the  region between the two curves 
( i .e. ,  within the r e s t r i c t ed  envelope) i n  any of these f igures  , it  
i s  impossible t o  state whether the  emitter sheath i s  pos i t i ve  o r  
negative without having more information. 
contain p a r t  of the f u l l  parametric family of curves (VGS VTe s =>, 
i t  i s  s t i l l  necessary t o  obtain the  spec i f i c  solut ion t h a t  relates 

ADE t o  VTe. 
conclusions be drawn about the p o l a r i t y  of emitter sheaths f o r  
plasma diodes operating i n  the region between the two curves i n  these 
f igures .  

Although these  f igu res  

Only a f t e r  t h i s  precise curve has been specified can 

I *It can be shown tha t  f o r  A = 0 * I s / I p ~  =J- ; 
I 

I j 
VSC = * I s / I p E  - - e m v /mevG vsc I f  vG = f(VTE + VTc), i t  can also 
be shown t h a t  VTe = V m  a t  these two points.  
**It must be remembered that  these r e s u l t s  apply only f o r  Vsc 2 0,  

! 
I 
I 



: b  

i 
f 

I 

1 
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Now, the  use of the preceding r e s u l t s  i n  the in t e rp re t a t ion  of 
current-voltage cha rac t e r i s t i c s  i s  very d i f f i c u l t .  
a r e  given i n  terms of I 
The prec ise  determination i f  Is from I i s  very d i f f i c u l t ,  i f  not  
impossible, i n  broad-spaced plasma diodes. 
develop c r i t e r i a  i n  terns of I. 

These r e s u l t s  
while experimental measurements yield I. 

S 

Thus, i t  i s  des i r ab le  t o  

From Equations ( l) ,  ( 3 ) ,  ( 4 ) ,  and ( 5 )  it  can be shown t h a t  an 
Io , corresponding t o  Iso , can be defined with the property t h a t  

I > Io 3 e lec t ron  r i c h  (negative) emitter sheath, 
I < Io 3 ion  r i c h  (posit ive) emit ter  sheath. 

Here, however, the envelope corresponding t o  ( Iso)min i s  i n  the 
ion current  region. 
4-9, are shown i n  Figures 10-15, respect ively.  
fea tures  of these curves are labeled i n  each f igure .  
f i gu res  show tha t  the reverse current can be a usefu l  diagnostic 
t o o l ;  i f  the  nagnitude of the reverse current  i s  la rge  enough, 
t he  emit ter  sheath i s  ion r ich.  
region between the two curves i n  any of these f igures ,  i t  fs 
s t i l l  impossible t o  state whether the emitter sheath i s  pos i t i ve  

Results i n  terms of I ,  corresponding t o  Figures 
The s a l i e n t  

These 

For plasma diodes operatLng i n  the 

o r  negative without knowing the relationshipbetween ADE and VTe 



Summary 

The general  c r i t e r i a  used t o  determine the sign (polar i ty)  of the 
emitter sheath i n  a plasma d i o d e  have been examined i n  d e t a i l .  It 
was shown t h a t  these general  c r i t e r i a  reduce t o  those c r i t e r i a  
present ly  i n  common use only fo r  a co l l i s ion le s s  plasma diode. 
A phenomenological macroscopic model was used t o  invest igate  the 
c r i t e r i a  i n  a broad-spaced collision-dominated plasma d i o d e .  
Results were presented t h a t  c lear ly  show the e f f ec t s  of volume 
ionizat ion and/or recombination. 
and the net  volume ionizat ion are both t reated as  independent 
var iab les ,  these r e s u l t s  are a parametric family of curves. 
The envelope of t h i s  family of curves i s  bounded i n  the Is - ADE 
plane. Results were presented i n  both the Is -ADE plane and i n  
the I - ADE plane f o r  several  cases of i n t e r e s t  i n  thermionic 
energy conversion. 
of the emit ter  sheath po la r i ty  from current-voltage cha rac t e r i s t i c s  
of broad-spaced plasma diodes. 

Since the  e lectron temperature 

- 

These r e s u l t s  a r e  usefu l  i n  the determination 
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U P E N D I X  

Consider the  der ivat ion of the  energy balance equation f o r  the  
plasma (Equation (6) ) .  
shown i n  Figure 1. 
atoms and electrons t o  be the  poten t ia l  at t h e  emitter surface. 

The motive diagram under consideration i s  
Choose the  po ten t i a l  reference poin t  f o r  both 

Consider an imaginary surface immediately outs ide the  emitter and I 

look a t  the energy carr ied by each species crossing t h i s  surface. 
Thus : 

Energy carr ied by electrons e m i t t e d  = fso (2 %E 

Energy car r ied  by atoms evaporated from surface = &E (2&~) 

Energy carr ied by ions evaporated from surf ace = I f &  (2 k k  6,) 

Energy carr ied by electrons from the plasma=& (s V=> 
Energy car r ied  by neu t r a l  atoms from the plasma =Zaf (a  G )  

Energy car r ied  by ions from t h e  plasma = r , C 2 % t l $ )  

P 

The netGenergy crossing t h i s  imaginary surface i n t o  the  plasma i s  

Consider an imaginary surface immediately outs ide the co l l ec to r  
and look a t  the  energy car r ied  by each species crossing t h i s  
surf ace. Thus : 

Energy carr ied by neutral  atoms from the  co l l ec to r  =&c (2 Gc) 
Energy carr ied by ions from the  plasma = 
Energy carried by elecprons from the  plasma =I 
Energy carr ied by neutral  atoms from the plasma =Z 

where, neglecting plasma resis tance,  Gf = ('e-$)- V =  -Vrc 
This arises from t h e  choice of the  po ten t i a l  reference point. , 

The ne t  energy crossing t h i s  surface out of t he  plasma i s  

(a 4 + % e +  kc + f/&) 
ex-(-&/C/,,)@L/,, -V&) ef v 

' 

115- 



Now, conservation of the number of cesium p a r t i c l e s  y ie lds  

Neglecting extraneous losses, the  ne t  energy entering the  plasma 
a t  the  emitter surface must equal the ne t  energy leaving the  plasma 
a t  the  c o l l e c t o r  surface. 
using Equations ( A - 3 ) ,  it  follows t h a t  

1 1  

I Thus, equating (A-1)  and (A-2) and. 

Subst i tut ing Equations (1), (2),  and ( 3 ) ,  and rearranging terms, 
Equation G4-4) reduces t o  

This i s  the energy balance equation f o r  the plasma (Equation (6)) .  
Through proper choice of the  p o t e n t i a l  reference point and through 
the  use of the  equal i ty  of t h e  energy fluxes crossing the  imaginary 
surface a t  the emitter and the  co l l ec to r ,  a l l  in te rac t ions  t h a t  take 
place i n  the in te re lec t rode  space have been taken i n t o  accounto 
There i s  no need t o  introduce d e t a i l e d  i n t e rac t ion  mechanisms t o  
evaluate any of the  terms occurringin t h i s  energy balance equation. 

-16- 
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